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ABSTRACT 
A model system was employed to study the operating conditions and primary parameters of enzymic hydrolysis of cod 
proteins. Pancreatin, papain, and bromelain were used to hydrolyse minced cod fillets under controlled conditions and 
with the rate of hydrolysis being continually monitored via both the pH-stat and TNBS method. The two methods were 
compared and evaluated. The rate of protein solubilisation was plotted against the degree of hydrolysis (DH). Dry fish 
protein hydrolysate (FPH) powders having short, medium and high degrees of hydrolysis (DH of approximately 8%, 
11% and 16% respectively) were produced and analysed for their molecular weight distribution, using size exclusion 
chromatography. Almost complete protein solubilisation (75 g soluble protein per kg hydrolysis solution) could be 
achieved within an hour, at 40˚C, at 1% enzyme/substrate ratio (w/w) with papain and bromelain. The pH-stat was 
found capable of continuously following the rate of hydrolysis but only at low DH. The TNBS could be accurately used 
even at high DH to estimate the percentage of the peptide bonds cleaved, but required chemical analysis of withdrawn 
samples. 
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1. Introduction 
Applications and uses of proteolytic enzymes for the 
hydrolysis of fish substrates are vast and varied in pur-
pose. What started unknowingly with ancient practises 
such as the use of fruit extracts to tenderize hard textured 
fish flesh, and brined fermentations (autolytic hydrolyses) 
for sauce production [1], is now a deliberate and system-
atic practise.  
There is considerable interest in the use of enzymes as 
an alternative to present mechanical methods for recov-
ering high quality protein from fish processing waste, or 
under-utilised fish species [1,2]. 
Intended uses of such hydrolysates range from nutri-
tional and functional additives with emulsification, aera-
tion, bio-active and anti-oxidative properties [3-11], to 
animal feeds [12-16] and microbial growth media [17-20]. 
Animal and plant derived enzymes were initially used 
almost exclusively. Most commonly these were: papain 
[15,21-24], bromelain [21,24,25], ficin [21,23,26], pepsin 
[13,21,27], trypsin [21,28,29] and pancreatin [30-32].  
Hale [21] compared 23 commercially available pepti-
dases for their ability to hydrolyse fish protein and found 
that ficin was most active in short hydrolysis experiments 
and that pronase—a microbial protease—had the overall 
greater activity per unit weight. Jacobsen et al. [33], Yu 
et al. [3], Quaglia et al. [34], Baca et al. [35], have all 
successfully use microbial enzymes for the hydrolysis of 
various fish protein substrates. The most common are: 
alkalase® [6,7,18,24,29,36,37], nutrase® [24,29,38], pro-
tamex® [24,29,39], flavourzyme® [5,6,38,40,41] and ko-
jizyme® [40]. 
Adler-Niessen [42] thoroughly investigated the subject 
of enzymatic hydrolysis (with particular reference to 
soya substrates) introducing and/or improving upon pre-
vious concepts and methods of analysis, for standardising 
and accurately describing enzymatic hydrolysis of pro-
teins.  
A common problem arising from the hydrolysis of 
protein substrates is the development of bitterness. This 
is reported by many workers on the subject, some of 
which tried to identify the nature of the bitter taste com-
pounds and either avoid their formation, remove, or 
chemically manipulate the compounds reducing their 
bitterness [26,40,42-46]. 
The control of the functional properties of protein hy-
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drolysates, has been yet another challenge to overcome 
by many workers [4,8,37,42,47].  
The degree of hydrolysis (DH) is clearly one of the 
most important variables affecting the attributes of the 
protein hydrolysates of a given enzyme/substrate system. 
It is generally agreed that with endopeptidases, lower DH 
produced hydrolysates with higher molecular weight 
fractions, which exhibited better emulsification and aera-
tion properties but showed greater hydrophobicity [36, 
37]. The relation between DH and bitterness, antioxida-
tive and/or other peptide bio-activities is enzyme de-
pendant and generally more intricate [6,11]. 
Fractionation of the hydrolysates through the use of 
membrane technology was used successfully be many 
workers, in an attempt to produce fractions of specific 
molar mass, enriched in bio-active peptides [4,10,48-51]. 
This investigation is using a model system to study the 
hydrolysis of cod proteins. This will be the basis for fol-
lowing pilot scale hydrolysis experiments using cod and 
haddock frames. Ultimately this work is aimed to the 
description of a simplified, commercially viable process 
for the utilisation of fish frames through enzymatic hy-
drolysis. 
2. Experimental 
Fresh, skinned cod fillets were purchased locally (J. W. 
Moores Ltd., Grimsby). Samples were prepared by 
freezing 350 g portions of cod fillets into polyethylene 
bags.  
Proteolytic enzymes were supplied by Sigma. These 
were: papain from papaya latex (EC 3.4.22.2, p.n. 
P-3250) bromelain from pineapple stem (EC 3.4.22.32, 
p.n. B-4882) and pancreatin from porcine pancreas (p.n. 
P-1500).  
2.1. pH-Stat 
The pH-stat apparatus (Figure 1) provides a means of 
continuously following the rate of hydrolysis under con-
trolled conditions and at a constant pH. 
The pH meter is connected with the peristaltic pump 
through an electronic switch, which is set to trigger the 
pump on when the pH of the hydrolysis mixture is 
changed.  
The pump is fed from the burette containing the alkali 
(or acid) which is added in the reaction mixture, until the 
initial pH value (switch-off point) is achieved and the 
pump is stopped. The degree of hydrolysis DH can be 
easily estimated, at any stage during the enzymatic 
breakdown of a protein substrate, through the titrant 
consumption [42]. 
Laboratory scale experiments were carried out as batch 
reactions on a 1L scale. 
 
rpm
 
Figure 1. Equipment for the proteolytic hydrolysis in the 
laboratory and the application of the pH-stat technique. 
 
2.2. Preparation of the Reaction Mixture 
After thawing at 4˚C - 5˚C for 24 hours, the 350 g fish 
samples were weighed directly into a blending cup, 
which was then filled with warm (approximately 50˚C) 
tap water to a total of 750 g in order to bring the tem-
perature of the hydrolysis mixture close to 40˚C. The 
mixture was blended for 30 sec (using a domestic high 
speed blender) and transferred into the reaction vessel 
until 731 ± 1 g were collected (M).  
The substrate concentration S w/w (were S = Kjeldahl 
protein) was estimated (approx. 75 g protein Kg−1 mix-
ture) and used for the calculation of the weight of the 
enzyme preparation necessary to produce a certain en-
zyme/substrate ratio w/w (E/S). Protein content determi-
nations were carried out on 500 g representative samples 
collected from each initial batch of fish fillets. This was 
used as the protein content of each smaller sample (350 g) 
deriving from the same batch. 
Unless specified otherwise a 1% (E/S, crude dry en-
zyme/protein) ratio was used in all experiments. Prior to 
the addition into the mixture, the dry enzyme preparation 
was dissolved into 5 ml of distilled water. 
2.3. Determination of the Rate of Hydrolysis,  
Using the pH-Stat Method 
The alkali consumption (ml) from the burette of the 
pH-stat apparatus revealed the rate of protein hydrolysis.  
2.4. Calculation of the Degree of Hydrolysis,  
Using the pH-Stat Method 
The degree of hydrolysis DH represents the percentage 
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of peptide bonds cleaved during a hydrolytic process and 
was calculated as given by Adler-Niessen [42]. 
2.5. Determination of Free Amino Groups, Using  
the TNBS Method 
This was carried out using the method of Adler-Niessen 
[52]. Hydrolysate samples weighing 2 g were drawn at 
regular intervals from the reacting mixture. Standard 
L-leucine solutions were prepared fresh before each ex-
periment.  
The percentage of the peptide bonds cleaved (DH) was 
estimated. Complete cleavage of the peptide bonds in the 
substrate was achieved by acid hydrolysis [53]. 
2.6. Determination of FPH Molecular Weight  
Distribution 
Two sephadex gel beds were used, a G-15 fine and a 
G-50 fine (Pharmacia Biotech) with fractionation ranges 
able to separate proteins/peptides within the range of 0 - 
1500 Daltons and 1500 - 30000 Daltons respectively.  
The eluent was phosphate buffer (0.0325M K2HPO4/ 
0.0026 M KH2PO4/0.40 NaCl) of pH 7.6 and ionic 
strength 0.5 [29] and had a flow rate of 30 ml·h−1. 
The two columns had an internal diameter of 26mm 
(G-50) and 16 mm (G-15). The length of both gel beds 
was approximately 54cm.  
The column was in series with a flow-through UV 
spectrophotometer. Absorbance was measured at 206 
nm.  
FPH powder containing 10mg of Kjeldahl protein (N × 
6.25) had 1g of NaCl added and then was dissolved into 
10ml of eluent. The mixture was filtered through a fast 
Watman paper and collected with a disposable syringe.  
A sample of 0.5ml was injected into the columns 
(sephadex G-15 and G-50).  
Standards of known molecular weight were chroma-
tographed in order to construct a calibration curve, used 
to identify the molecular weight distribution of the pro-
tein hydrolysates. 
2.7. Production of FPH Powders of Specific DH,  
Using Model Systems 
Protein hydrolysates were produced from cod fillets, hy-
drolysed with papain and bromelain, using the model 
system of hydrolysis. The hydrolysis experiments were 
carried out without any pH adjustment (pH-drop) at 1% 
E/S and 41˚C ± 1˚C. 
A short, medium and long hydrolysis experiment was 
performed for each enzyme, producing three samples 
each having a different degree of hydrolysis (approxi-
mately 8%, 11% and 16% DH). The duration of hydroly-
sis in each case was 20, 60 and 120 min respectively. 
Duplicate experiments were performed, thus producing 
two triads of samples for each enzyme. 
At the end of each experiment the extent of hydrolysis 
was monitored by the TNBS method. With the short and 
medium hydrolysis experiments, enzymic reaction was 
arrested prior to the TNBS analysis, using H2O2 (6 g·li-
tre–1 of mixture). 
The liquid hydrolysates were pasteurised using a lab 
scale heat exchanger (78˚C for 18 sec). 
Prior to spray-drying the pasteurised hydrolysates 
were centrifuged, using a bench top centrifuge (1700 × g 
i.e. 3000 rpm for 30 min) in order to remove the insolu-
ble matter. 
Finally dry protein powders were produced by spray- 
drying. 
3. Results and Discussion 
The enzymatic hydrolysis of a complicated and non-pure 
food protein such as the fish flesh cannot be accurately 
described, or predicted solely by the application of exist-
ing kinetic models and laws [42]. The hydrolysis is in-
fluenced by many parameters, which interact with each 
other, thus making their isolated study very difficult.  
The enzymatic hydrolysis should be regarded as a 
combination of parallel and consecutive occurring reac-
tions [42]. Although from a purely kinetic point of view 
the study of each reaction as well as the investigation of 
the dynamics between parallel and consecutive reactions 
is meaningful, these studies are far from being able to 
completely describe the process and also rather unneces-
sary for the purpose of the present work. 
3.1. Hydrolysis Parameters 
The degree of hydrolysis DH (i.e. percentage of peptide 
bond cleaved) is a true reflection of the progress of hy-
drolysis and thus its selection as the primary indicator for 
the controlling of hydrolysis is very appropriate [42,44]. 
For a given substrate and enzyme at a given pH, the 
comparison of different hydrolysates was based on the 
DH as it is the primary determinant of the properties of 
the hydrolysates. Adler-Niessen [42] (p. 315) stated that 
the hydrolysis parameters (E, E/S, and T) can be varied 
freely in most cases, without affecting the hydrolytic 
process (and thus the properties of the hydrolysates) in a 
qualitative way.  
However he determined that the pH was naturally 
found to exert an independent influence [42] (p. 189, p. 
315) on the properties of the hydrolysates and so recom-
mended that the pH should be controlled and in most 
cases maintained constant during hydrolysis processes. 
3.2. Measurement of the Rate of Hydrolysis,  
Using the pH-Stat 
During the hydrolytic breakdown of proteins, the degree 
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of ionisation of the free carboxyl- and amino- groups 
formed will depend on the initial pH of hydrolysis. At pH 
values above the area given by the pK of the amino and 
carboxyl groups (around the region of pH 5 - 6) the 
amino groups will be only partially protonated (or en-
tirely unprotonated) whilst the carboxyl groups would be 
fully dissociated. As a consequence the pH would tend to 
decrease with the progress of hydrolysis, if left uncon-
trolled. In order for the hydrolysis to proceed at constant 
pH, alkali must be added so as to titrate the liberated 
carboxyl groups [42] (p. 11, p. 132).  
It was found that the pH-stat technique was highly de-
pendent on the pH of hydrolysis and thus the pH meter 
was calibrated prior to each experiment, accompanied by 
daily cleaning and maintenance of the probe.  
3.3. Measurement of the Rate of Hydrolysis,  
Using the TNBS Method 
Each hydrolysis experiment carried out and measured by 
the pH-stat technique was also assessed using the TNBS 
method. 
A TNBS standard calibration curve was prepared us-
ing L-leucine and was found to be linear (R2 = 0.991) 
[54]. 
3.4. Temperature 
One of the variables eliminated from the investigation 
using model systems was the temperature of hydrolysis. 
The lowest temperature at which complete solubilisation 
of the fish flesh occurred within 2 - 3 hours (at the given 
conditions) was found to be approximately 40˚C, conse-
quently this was the temperature used in all the model 
experiments.  
3.5. Effect of the pH on the Rate of Hydrolysis  
(pH Stat and TNBS) 
The hydrolysis experiments were carried out at different 
pH values (namely 6.5, 7.0, 7.5, and 8.0) and were 
monitored both with the pH-stat and the TNBS technique, 
in order to measure the rates of hydrolysis with the three 
enzymes and also compare the methods.  
The duration of all hydrolysis experiments was 3.5 
hours and the temperature was 41˚C ± 1˚C.  
With the pH-stat, plots of the alkali consumption dur-
ing the hydrolysis experiments versus time (duration of 
hydrolysis) were created for all the experiments, in order 
to provide an easy way of comparing the hydrolytic ef-
fect of the different enzymes. However, since the alkali 
consumption is strongly related to the pH of the reaction, 
only experiments carried out at the same pH can be 
compared by this way (in order to compare hydrolysis 
carried out at different pH, it is necessary to estimate the 
DH values and construct the “DH vs duration of hy-
drolysis” graphs). Alternatively, such comparisons can 
be carried out using the TNBS method which is not af-
fected by the pH. 
Figure 2 shows the pH-stat plots (from repeated ex-
periments) for the three enzymes, at pH 7.5. 
Figure 3 shows the comparison of the TNBS absorb-
ances for the 3.5 hours hydrolysis experiments, at differ-
ent pH values, at 41˚C ± 1˚C, for papain. 
The rate of hydrolysis (both the initial and the overall 
rate) both for bromelain and papain is highest at pH 6.5 
and decreases with the increase of the pH. Although the 
effect of further pH reduction (e.g. below 6.5) was not 
investigated, it is believed that, since both enzymes are 
neutral proteases [37] maximum rates of hydrolysis are 
observed in the region of pH 6.5. Pancreatin showed its 
highest rate of hydrolysis at pH 8.0. However, the effect 
of pH on the activity of pancreatin is small compared to 
the previous enzymes and almost negligible in the region 
between pH 6.5 and 7.5.  
The highest rates of hydrolysis achieved with pan-
creatin (at pH 8.0) are still significantly lower compared 
to the maximum rates recorded with papain and brome-
lain (at pH 6.5). 
From an industrial point of view, hydrolysis carried out 
without any pH adjustment would be economically de-
sirable, and hence the investigation of the increase in E/S 
for pancreatin (at pH 8.0) was not performed.  
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Figure 2. pH-stat controlled hydrolysis of homogenised fish 
flesh using papain, bromelain and pancreatin at pH 7.5 
(40˚C, 1% E/S i.e. crude dry enzyme/protein). 
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Figure 3. Hydrolysis of homogenised fish flesh, at different 
pH values using papain (measured by the TNBS) (40˚C, 1% 
E/S). 
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Figure 4 shows the results of hydrolysis experiments 
carried out at different pH values and also without any 
pH adjustment (pH drop, initial pH ~ 6.7) for bromelain. 
Very similar rates of hydrolysis were recorded for pa-
pain and bromelain at pH 7.0 to 6.5, and with no pH ad-
justment. This was expected since the natural pH of the 
hydrolysis mixture would be approximately 6.8 and the 
progress of hydrolysis (without any pH adjustment) 
would “drop” the pH from 6.8 to a minimum of pH 6.4.  
3.6. Effect of Enzyme Concentration on the Rate  
of Hydrolysis (Only pH-Stat) 
Figure 5 shows the hydrolysis rates for the three en-
zymes at 0.1% and 1% E/S concentration at pH 7.0, 
measured by the pH-stat technique. 
At 0.1% enzyme to substrate ratio pancreatin seemed 
inactive, whereas with papain and bromelain the hydro- 
lytic rate was greatly reduced (compared to the 1% E/S). 
After 3 hours, the degree of hydrolysis with the plant 
proteases was only 1/3 of that attained at 1% E/S at the 
same time. However, the enzymes were still active (in 
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Figure 4. Hydrolysis of homogenised fish flesh, at different 
pH values using bromelain (measured by TNBS) (40˚C, 1% 
E/S). 
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Figure 5. Hydrolysis of homogenised fish flesh (measured 
by the pH-stat) using papain, bromelain, and pancreatin, 
both at 1% and 0.1% E/S (40˚C, pH 7.0). 
contrast to the experiments carried out at 1% E/S, in 
which hydrolysis had entered into a stationary phase after 
approximately 100min) and it can be assumed that simi-
lar DHmax would have been achieved if hydrolyses were 
prolonged.  
3.7. Comparison of the pH-Stat and TNBS  
Method 
Prior to the estimation of the degree of dissociation for 
the calibration of the pH-stat and consequently for the 
determination of the degree of hydrolysis DH, values 
from the pH-stat method were compared to these deriv-
ing from the TNBS method. 
In a hydrolysis experiment in which the pH-stat and 
the TNBS method are applied in order to determine the 
rate of hydrolysis, the pH-stat technique measures the 
rate of peptide bond breaking through the consumption 
of alkali, whilst the TNBS through the measurement of 
the absorbance of the chromophore complex of TNBS 
and alpha amino groups. It is evident that the plot of the 
alkali consumption (in ml) versus the increase in the 
TNBS absorbance should be linear. However, in this 
current work, such a plot (Figure 6) shows a deviation 
from linearity.  
This was consistent throughout the work, always 
commencing at absorbances of approximately 0.7 AU. 
The portion of all the graphs that lies below this absorb-
ance, is consistently linear. The pancreatin plots did not 
markedly exceed the 0.7 (AU) TNBS absorbance and 
hence showed linearity with excellent regression coeffi-
cients. 
The TNBS method performs a direct assay of the alpha 
amino groups released during protein hydrolytic break-
down. On the other hand, the pH-stat technique is re-
stricted more by the degree of hydrolysis. This is prima- 
rily because the pK of the alpha amino groups (i.e. the 
average pK value) used for the determination of the DH 
throughout the hydrolysis experiment, in addition to the 
nature of the terminal amino-acid and the temperature, 
 
0.000
0.200
0.400
0.600
0.800
1.000
1.200
0 5 10 15 20 25
NaOH 0.5N (ml)
A
bs
or
ba
nc
e
 
Figure 6. TNBS absorbance plotted against NaOH con-
sumed during hydrolysis with papain (40˚C, 1% E/S, pH 
7.0). 
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varies also with the chain length of the constituents of the 
hydrolysate (proteins, peptides, amino-acids). The varia-
tion is considerable, with di/tri-peptides having pK val-
ues approximately half a pH unit higher than polypep-
tides. This means that at very high degrees of hydrolysis 
the average pK value (and hence the degree of dissocia-
tion) will differ significantly from the value given for 
larger polypeptides.  
However, at moderate DH (below 20%) and particu-
larly when using endo-peptidases—where the content of 
free amino-acids and di/tri-peptides in the hydrolysate is 
expected to be low—the error introduced by the variation 
of the pK was found to be negligible [42]. 
3.8. Effect of pK Shift upon Hydrolysis, on  
pH-Stat Operability 
The poor correlation between the pH-stat and the TNBS 
method observed over a certain degree of hydrolysis (that 
corresponded to TNBS absorbance of approximately 0.7 
AU) is attributed to the pH-stat. It was shown [54] that 
the amount of alkali required per peptide bond cleaved 
was less at the latter than the initial stages of hydrolysis.  
3.9. Estimation of the DH, Using the TNBS  
Method 
The percentage of the peptide bonds cleaved DH can be 
also estimated at any stage of hydrolysis (e.g. at a given 
time t, after the start of hydrolysis) by the following 
equation: 
t 0
tot 0
ABS ABS
DH% 100
ABS ABS
   
where: 
ABSt = absorbance at time (t) of hydrolysis, in Leu- 
NH2 meq/g 
ABS0 = absorbance of the unhydrolysed substrate (t0) 
in Leu-NH2 meq/g 
ABStot = absorbance of the completely hydrolysed fish 
substrate, in Leu-NH2 meq/g 
Figure 7 shows the increase in the degree of hydroly-
sis (DH) using papain, bromelain and pancreatin, as it 
was calculated using the TNBS method. 
The DH values deriving from the pH-stat were more 
than 50% lower than those calculated by using the TNBS 
technique. It is thought that the DH values deriving from 
the measurement of the rate of hydrolysis by the TNBS 
method are closer to the true values of peptide bonds 
cleaved. 
The accurate determination of the absolute DH value 
of hydrolysis is not of great importance to industrial ap-
plications as in this current study, but it would be useful 
for comparisons with literature data. 
3.10. Determination of the Rate of Protein  
Solubilisation upon Hydrolysis 
Figure 8 shows the rate of protein solubilisation upon 
hydrolysis with the three different enzymes. 
Even prior to hydrolysis almost 30% of the homoge-
nised protein substrate was found to be soluble, as it 
would pass through the sintered glass crucible. This can 
be ascribed primarily to the sarcoplasmic proteins (myo-
gen) which are water soluble and can be easily extracted 
from the homogenised flesh. Suzuki [56] reports that the 
total content of the sarcoplasmic proteins in cod flesh is 
only 21%. Thus, it is likely that some myofibrillar pro-
teins (myosin most likely) were also extracted and/or that 
the filter’s pore index (16 - 40 microns) allowed some 
solid protein particles to migrate through the filter. 
However, Kristinsson and Rasco [1] reported that sar-
coplasmic proteins can account for up to 30% of fish 
muscle. 
With bromelain and papain, almost complete protein 
solubilisation was observed after 60 min of hydrolysis 
(TNBS approximately 0.8 AU) whereas with pancreatin, 
this was achieved after a duration of more than 2 hours. 
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Figure 7. DH during hydrolysis of homogenised fish flesh, 
using papain, bromelain and pancreatin at pH 7.0 (40˚C, 
1% E/S). 
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Figure 8. Rate of protein solubilisation of homogenised fish 
flesh using papain, bromelain and pancreatin (40˚C, 1% 
E/S, pH-drop). 
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Comparison with DH charts shows that the hydrolytic 
breakdown continues even after the protein substrate is 
rendered completely soluble.  
This phenomenon is anticipated since the hydrolysed 
peptides which become soluble can still act as a substrate 
for further hydrolysis. This probably occurs from the 
beginning of hydrolysis where the bulk of the substrate is 
still intact. The latter is influenced by substrate-enzyme 
saturation phenomena and it could even affect the hy-
drolysis qualitatively (substrate saturation/hypothesis of 
narrowing specificity) [42]. 
The knowledge of the rate of protein solubilisation 
under specified hydrolysis conditions (as well as the hy-
drolysis curve) is very significant from an industrial 
point of view because this is what denotes the productiv-
ity of the process i.e. the amount of recovered (solubi-
lised) protein at a certain time of hydrolysis. Knowledge 
of the DH may also be important as it was found that at 
higher DH values, certain functional properties were re-
duced. 
3.11. Production of FPH at Specific DH, Using  
Model Systems 
In order to produce dry protein powders having different 
DH values, the duration of hydrolysis using papain and 
bromelain was varied, by arresting at a selected time. 
The selection of the three DH values at which hy-
drolysis was ceased and protein powders were produced 
(approx. DH: 8, 11 and 16%, after 20, 60 and 120 min 
respectively) was decided after taking into consideration 
the hydrolytic curves (showing the rate of hydrolysis) 
and the curves showing the rate of protein solubilisation, 
for the two enzymes of greatest industrial potential (pa-
pain and bromelain). 
Hydrolysis up to 120 minutes and DH 16% (at the 
given conditions) represented the process at which 
maximum hydrolysis and protein solubilisation have 
been achieved, without the need of following the DH and 
eventually arresting hydrolysis. From an industrial point 
of view, this is desirable due to high recovery of soluble 
protein combined with simplicity of operation.  
Hydrolysis for 60 min at 11% DH, was selected be-
cause almost complete protein solubilisation has also 
been achieved, but at a slightly lower DH, which might 
be beneficial to certain functional properties -if such 
properties are essential for the potential application of the 
products. However this would be at the expense of sim-
plicity of operation due to the need of accurately control-
ling hydrolysis and finally employing a method of ar-
resting hydrolysis at a specific DH.  
With the 20 min hydrolysis, a substantial amount of 
protein has been solubilised (approximately 70%) but 
still retaining a relatively low DH of 8% (larger peptide 
fragments). This is thought to increase certain functional 
properties, whilst reducing bitter peptide formation. 
3.12. Size Exclusion Chromatography 
Figure 9 shows the chromatograms for the three papain 
FPH, hydrolysed for 20, 60 and 120 min. The samples 
were chromatographed through a sephadex G-50 gel- 
filtration column, with a declared fractionation range 
between 1500 - 30000 Daltons, for proteins and peptides. 
Figure 10 shows the elution of the same papain hy-
drolysates through a sephadex G-15 gel bed, with frac-
tionation limits ranging between 1500 - 0 Daltons.  
The chromatograms produced by the samples hydro-
lysed with bromelain were very similar to those hydro-
lysed by papain, indicating a similarity in enzyme speci-
ficity.  
Fractionation using the G-50 gel-bed revealed that the 
bulk of the hydrolysed peptides lay within the fractiona-
tion range of the column (1500 - 30000 Daltons). After 
20 min of hydrolysis only a small fraction of solutes was 
totally excluded from the column, indicating a MW 
greater than 30000. A significant portion of the hydro-
lysate however was already smaller than 1500 Daltons, 
and thus was eluted as one band at the total permeation 
volume. Upon further hydrolysis, a shift is observed to-
wards smaller molecules with complete elimination of 
any totally excluded molecules and a marginal increase 
in the very small molecules (<1500 Daltons). The re-
maining fractionated portion of solutes is shown to have 
a fairly broad distribution, with the bulk of solutes hav-
ing molecular weights between 1500 - 6000 Daltons. 
Further analysis using the G-15 gel bed was necessary 
in order to fractionate and characterise the smaller of the 
molecules (oligopeptides and free amino-acids).The band 
eluted first comprised the totally excluded solutes and 
accounted for the greater part of the injected samples.  
Upon continued hydrolysis the shape of this peak de-
creased in height and became broader, indicating the 
continuing breakdown into smaller molecules. However, 
this band of molecules remained to be totally excluded 
(>1800 Dalton).  
Two distinctive peaks appeared towards the end of the 
G-15 chromatograms. These consist of free amino-acids 
and di/tripeptides. It was shown that from 20 min to 60 
min of hydrolysis there is only a small increase in free 
amino-acids and di/tripeptides. After 120 min of hy-
drolysis there is almost negligible further increase in 
these small molecules. This is particularly significant 
from the point of view of the relation between the pro- 
duction of oligopeptides and the development of bitter-
ness. It has been widely accepted that bitterness is related 
to the production of certain “bitter” oligopeptides. The 
negligible increase in the production of oligopeptides  
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Figure 9. Elution of fish protein powders after hydrolysis with papain for 20, 60 and 120 min through a Sephadex G-50 (ABS 
206nm) (40˚C, 1% E/S, pH-drop). 
 
 
Figure 10. Elution of fish protein powders after hydrolysis 
with papain for 20, 60 and 120 min through a Sephadex 
G-15 (ABS 206 nm) (40˚C, 1% E/S, pH-drop). 
 
between 60 and 120 min infers that the development of 
bitterness may not be exacerbated by the progress of hy-
drolysis. This differs from the observations on hydrolysis 
of carp skin using alcalase ® (a broad specificity microbial 
peptidase) where small peptide increase (150 - 500 Dal- 
tons) progressed constantly with the increase of DH [37]. 
4. Conclusions 
Papain and bromelain can be used successfully to hydro-
lyse cod flesh, at conditions that are envisaged to be ap-
plicable at a production scale (i.e. low energy consump-
tion, no pH adjustment, control of degree and duration of 
hydrolysis).  
The pH-stat method provides means of continuously 
following the rate of hydrolysis (except pH-drop experi-
ments) albeit at prolonged hydrolyses the DH is underes-
timated by the method. 
The TNBS can be used more accurately to estimate the 
percentage of the peptide bonds cleaved, but requires 
chemical analysis of a withdrawn sample.  
Almost complete protein solubilisation (at approx. 75 
g·kg−1 protein concentration) can be easily achieved 
within an hour, at 40˚C, at 1% E/S, with papain.  
Even at low DH, there is di/tri peptide production (to 
which bitter taste has been ascribed).  
In order to avoid excessive peptide cleavage and 
maintain desired protein functionality, tight control of the 
DH is required. The use of membrane technology for the 
continuous removal of peptides from the hydrolysis 
mixture is thought to be very promising.  
The results of this model system have been success-
fully applied for the production of FPH on a pilot plan 
scale, using cod frame waste as the substrate. 
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